I. INTRODUCTION
In the automotive domain, the transmission and suspension systems are determining parameters of the vehicle performances like the vehicle dynamic behavior. In order to improve such performances, manufacturers and equipment suppliers are seeking about effective methods and accurate models which allow to reach this objective and to minimize the cost and the time devoted to the development phases of such systems [1] , [2] , [3] . In this context, this paper presents a transmission chain simulator coupled to a vehicle dynamic model and proposes an accurate equivalent system easy to be exploited to validate simulation studies in the automotive domain without need to the real vehicle and its real environment. In [4] a vehicle transmission chain simulator was developed. In [5] a clutch model was integrated. In this paper rolling frictions and resisting forces in slop are considered. Moreover a vehicle dynamic model is developed and coupled to the transmission chain simulator. Firstly, the vehicle transmission simulator and the vehicle dynamic model will be presented separately and validated thanks to simulation and/or measurement results. Then a coupling approach of these two models will be shown. Finally, comparison between the vehicle dynamic performances (longitudinal vehicle speed, longitudinal acceleration, vertical and pitch accelerations, vertical bounce…) obtained using the coupled and decoupled models will be presented and discussed.
II. THE VEHICLE TRANSMISSION SYSTEM SIMULATOR
The electric simulator of the vehicle transmission chain simulates the mechanical characteristic of the transmission system. This simulator uses two electric actuators controlled with dedicated control laws. The first one reproduces the dynamic driving torque developed by the heat engine and available at the output of the bridge, while the second one simulates the resisting torque imposed by the vehicle load (the whole resisting efforts to the vehicle advance plus inertias).
0RGHOLQJ RI WKH UHDO YHKLFOH WUDQVPLVVLRQ V\VWHP
The figure 1 illustrates the various forces applied to a vehicle during its motion on a road with a slope of angle α. These forces include the driving force and the mean resisting forces. Fm, Faero, Frr and Frc are, respectively, the driving force, the aerodynamics force, the rolling friction force and the resisting force in a slope [6] , [7] . To model the real vehicle transmission system, we suppose that the transmission losses are neglected (the efficiency of clutch and gear box reaches 1) and only longitudinal forces are considered [8] , [9] , [10] , [11] . Using these assumptions, the following equations can be written:
J th and J eb are, respectively, the inertias of the heat engine and the input shaft of the gearbox. Ω th is the angular speed of the heat engine. The transmission is supposed without losses. So:
From the equation 3, we deduce that:
Where: C sr-sp is the total resisting torque in the steady state at the output of the bridge (5):
0RGHOLQJ RI WKH HTXLYDOHQW V\VWHP
In order to reproduce the behavior of the real vehicle transmission chain, an equivalent model using two electric actuators is considered ( figure 2 ). In this model, the electric actuator M1 simulates the heat engine, while the second actuator (M2) simulates the resisting forces. In order to work in a reduced torque scale and to validate the coupling of a transmission model to a vehicle dynamic one, the previous configuration (figure 2) is reduced to the configuration presented in figure 3 where the actuator M2 simulates the whole resisting torque due to aerodynamic frictions, rolling frictions, resisting torque in a slope and inertia with a torque reduction factor (fc2). However, the electric actuator M1 simulates both the heat engine and the gearbox with a torque reduction factor (fc1). This model can be used to test control strategies of automatic gearbox and to study the influence of these strategies on the vehicle dynamic behavior in order to improve the passenger comfort for example. Considering fc2 = fc1= fc yields: 
The mechanical equation on the common tree of the two electric actuators is:
Where: J 1 and J 2 are the moment of inertia of the actuators M1 and M2. and M2 respectively.
7RUTXH FRQWURO ODZV RI WKH HOHFWULF DFWXDWRUV
The resisting torque which must be developed by the actuator M2 (
) is deduced from equations (6) and (7).
So:
Where:
C sr-sp is the total resisting torque in the steady state given by equation 5. So:
In the same way, the torque which must be developed by the actuator M1 ( 1 _ & ) is deduced from equations (1) and (7) . So: ) are expressed as follows: 
6LPXODWLRQ UHVXOWV
A speed regulator is included in the simulation model. It determines the position of the accelerator pedal which allows to track a desired speed. Moreover, the power converters connected to the electric actuators have been optimized under thermal, electromagnetic compatibility (EMC) and efficiency constraints [12] , [13] , [14] , [15] . A vehicle starting test is carried out to validate the modeling of the equivalent transmission chain. It consists to evaluate the time necessary to reach a vehicle desired speed of 90 km/h (figure 4). The regulator parameters are adjusted to obtain a vehicle starting time (12s in figure 4) close to the starting time given by the manufacturer (11.6s) [16] .
The figure 5 presents the desired torque and the real one developed by the electric actuator M1 in a case of a road profile characterized by different slopes ( figure 6 ). This torque is the image of the torque available at the output of the bridge (with a reduction coefficient fc = 100). As a result, the real torque is very close to the desired one. Moreover, this torque is more important at the vehicle starting and in front of slopes to overcome the vehicle inertia and the resisting torque caused by theses slopes. It is noted that the simulation results are very close to those obtained by measurement. The vehicle reaches its desired speed after 50s. The steady state is characterized by a commuted speed: the 5 th one, a reduced torque: 2.8Nm (real torque: 560Nm) and a position of the accelerator pedal: Pp=0.8.
To validate the proposed transmission simulator in the case of a slope, a road profile with a slope of value 20% is considered. The figure 9 superimposes the measurement and the simulation results (the normalized vehicle speed, the torque developed by the actuator M1, the committed speeds and the position of the accelerator pedal) in the case of a desired speed of 60km/h (the torque reduction coefficient is fc = 200). The vehicle speed drop phenomenon shown in this figure is obtained when the vehicle is in front of the slope (at time t= 120s). In fact, to overcome the additional resisting torque due to the slope, the driver exploits the maximal potential of the accelerator pedal (pp=1) but this action is not sufficient to overcome the additional torque. So a retrogressing of the commutated speed from the 3 rd to the 2 nd one must be done. However, the automatic change of the commuted speeds prevents voluntarily this retrogressing in order to test the effect of gearbox control strategy. When the retrogressing of the commutated speed to the 2 nd one is allowed, the vehicle reaches again its desired speed (60km/h). As the slope is supposed constant, the vehicle keeps the same position of the accelerator pedal and the same commuted speed.
III. THE VEHICLE DYNAMIC MODEL In this part a three degree-of-freedom vehicle dynamic model is presented. It takes into account the longitudinal, the vertical and the pitch motions of a vehicle. In this model, the yaw, the roll and the transversal motions are ignored. Only translations according to the longitudinal (x) and vertical (z) directions and the pitch rotation are considered.
Under these assumptions, the overall motion of the vehicle can be described by three equations. The first one characterizes the longitudinal dynamic (13) . The second one represents the dynamics of the vertical motion and the latest describes the pitch motion [16] .
M is the total vehicle mass, m is the sprung mass, h is the vertical distance between the vehicle centre gravity and the pitch centre, I y the moment of inertia according to the y-axis. In this model, the resulting forces F x controls the longitudinal dynamics [17] . The vertical motion is controlled by a resulting force F z and the pitch motion is controlled by the pitch moment M y .
In this vehicle dynamic model (decoupled model), the transmission system is modeled by a gain and the driving torque is supposed proportional to the position of the accelerator pedal ( figure 10 ). A simulation test is carried out to show the effect of the road irregularities during the vehicle maneuvers. For this test, the desired speed is vdes= 60Km/h. Moreover, we suppose that the vehicle evolves on a straight road and at time t = 14s it crosses over a bump of 10 cm elevation. The figures 11, 12 and 13 show respectively, the vehicle speed, the vertical motion of the sprung mass and the vehicle pitch movement. We note that the desired vehicle speed is reached after 10s. The variations of the vertical displacement of the sprung mass and the pitch movement (time range [14s, 16s]) are due to the bump crossed at time t = 14s. These simulation results confirm the effectiveness of the proposed vehicle dynamic model [16] , [17] .
IV. COUPLING OF THE TRANSMISSION SIMULATOR TO THE VEHICLE DYNAMIC MODEL
The coupled model (figure14) associates the transmission simulator and the vehicle dynamic model by replacing the transmission part of the vehicle dynamic model by the transmission simulator presented in section II. In this case, the resisting torque which must be developed by the actuator M2 takes into account the pitch effect. This torque is the same one calculated in the vehicle dynamic model plus the viscous and dry frictions of the actuator M2. The coupled model allows to carry out various transmission and dynamic behavior studies. Moreover, it allows to optimize specific vehicle test benches without need to the real transmission system and the real environment of the vehicle. It allows also to carry out HIL works and real time control by combining software part (vehicle dynamic model) and hardware part (transmission system) ( figure  14 ). As results, the desired speed is reached more quickly in the case of the decoupled model. This difference is due to the time delay caused by the change of the commuted speeds. In addition and for the same reason, important variations on the longitudinal acceleration of the coupled model are detected. Note that these variations (-0.3m/s 2 to 2m/s 2 ) respect the passenger comfort limits [18] .
The figures 17, 18 and 19 show respectively, the vertical acceleration of the sprung mass, its vertical movement and the pitch motion. Through these results, we can deduce that the integrating of the transmission chain simulator in the vehicle dynamic model allows to detect more dynamic variations and to reflect the vehicle dynamic behavior with high accuracy.
V. CONCLUSION An electric simulator of the vehicle transmission chain coupled with a vehicle dynamic model is presented in this paper. The transmission simulator uses two electric actuators with speed and torque control. The first actuator simulates both the heat engine and the gearbox. The second one simulates the forces resisting to the vehicle advance as well as the inertias. This transmission simulator has been validated by simulation and measurement results. The dynamic vehicle model includes longitudinal, vertical and pitch motions. The coupled model represents the vehicle dynamic behavior with high accuracy. This model is an interesting solution to carry out studies on transmission and vehicle dynamics (development of control strategies of automatic gearbox by taking into account the dynamic behavior, improvement of safety and passenger comfort, test of intelligent vehicle…) without need to the real transmission system and the real environment of the vehicle. Therefore, it allows to reduce significantly the time and the cost of the development phases of the transmission and dynamic behavior systems.
